The ozonation of the antibiotic sulfamethoxazole has been studied, in order to elucidate the structures of some of the degradation products generated throughout the process. Under the conditions applied, a complete destruction of sulfamethoxazole was achieved after 10 minutes of reaction. The biodegradability of the resulting solution has been also determined, and this parameter undergoes a gradual increase along during the reaction time. The acute toxicity of the reaction mixture, on the contrary, is only decreased during the first 5 minutes of reaction while it increases subsequently. Some of the intermediates resulting during ozonation seem to be more toxic to Daphnia magna than the untreated sulfamethoxazole. The structures of selected degradation products found in the solution are determined and identified. Ozone predominantly attacks sulfamethoxazole via the amine group of the aniline ring in some cases giving rise to nitro-aromatic compounds.
INTRODUCTION
In the last decade, pharmaceuticals have proved to be new emerging pollutants that can be found not only in the different stages of sewage treatment plants, but also in surface waters (Ashton et al. 2004; Lindberg et al. 2004; Gebhardt & Schrö der 2007) . Among the different pharmaceuticals detected in wastewater and surface waters (lipid regulators, antiepileptics, beta-blockers, analgesics etc.), antibiotics are of especial concern, because they are biologically active, and their biodegradability is limited, being thus persistent in the wastewater (Alexy et al. 2004; Nakada et al. 2007 ). There are a lot of studies that have monitored the presence in wastewaters of a wide range of antibiotics: tetracyclines, macrolides, sulfonamides, penicillin, growth promoters, etc. (McArdell et al. 2003; Yang et al. 2005) . In spite of the fact that the detected amounts of these antibiotics in wastewaters are still in the range of nanograms per litre, the continuous discharge of these compounds without an improvement in their removal efficiencies could will result in higher concentrations in the long term. Consequently, it can be assumed that the presence of antibiotics (or drugs) in the meantime medium, will lead to involve harmful consequences for the aquatic life (Lienert et al. 2007) .
Sulfamethoxazole in combination with trimethoprim is used to treat a wide range of human diseases, such as urinary and respiratory tract infections. There are many publications that have reported about the presence of this antibiotic drug in sewage treatment plants, hospital effluents and rivers (Gö bel et al. 2004; Brown et al. 2006) . Besides, this compound might be expected to be present in groundwater, because the antibiotic sulfamethoxazole is also applied to animals as growth promoter (Verzegnassi et al. 2002; Pereira & Cass 2005) and for land fertilization using manure the drug will be spread out. With run-offs it doi: 10.2166/wst.2008.539 will be transported into surface waters and ground water.
The monitoring of sewage treatment plants has pointed out that sulfamethoxazole can also been found in the effluents of sewages plants , which means that conventional treatment techniques led to an insufficient removal of this and other drug. Thus for elimination from these point sources, alternative processes are being developed in the last decades, such as advanced oxidation processes, membrane technology, and ozonation.
Ozone, due to its oxidation potential, has been extensively used to degrade a wide range of pollutants (Calvosa et al. 1991; Wu & Masten 2002; Huber et al. 2005) .
One of its advantages is that it is not necessary to introduce any other chemical species during the treatment, which results in oxidation or mineralisation products. With the exception of the oxidation products, either less or more toxic than the precursor drug no hazardous by-products are generated during the reaction, like it might happen applying other oxidizing agents, e.g., chlorine (Cl 2 ; hypochlorite) (Manahan 2005) . On the other hand, reaction rates with ozone are lower than those obtained when z OH radicals were generated by AOP. Nevertheless it must be taken into account that these radicals are also generated during the decomposition of ozone in water (Hoigné & Bader 1976) . 
Methods
Ozonation experiments to detect the degradation products were either performed in a beaker or in a three-necked cylindrical reactor. For the beaker experiments the ozone was sparged into Milli-Q water, cooled in an ice bath, in order to obtain an ozone stock solution. Different volumes with known O 3 -concentrations of this solution were added to the samples containing the antibiotic compound (100 ng/mL) and tertbutyl alcohol (3 mM) as hydroxyl radical ( z OH) scavenger. The ozone concentrations in the different solutions were determined using the indigo method (Hoigné & Bader 1980) . 
RESULTS AND DISCUSSION
First of all the reduction of sulfamethoxazole applying ozone was studied. Figure 1a shows the removal of sulfamethoxazole dissolved in Milli-Q water during an ozonation period of 20 minutes carried out in un-buffered solution and in presence of tert-butanol and starting with an initial drug concentration of 100 mg l 21 . As it can be observed, the ozonation was quite effective to degrade the drug dissolved in water, because a 100% conversion of the compound could be observed within the first 10 minutes of ozonation. In Figure 1a , however, it can also be recognized that only a TOC removal of 20% at the end of the experiment was reached. Normally, the ozonation process applying low quantities of ozone does not give rise to the total elimination of the organic carbon, i.e., mineralisation.
Because the type of molecules formed during this process are partially oxidized molecules like organic acids, aldehydes and ketones (Chu & Ma 2000) after all eliminated by mineralization under high excess of ozone.
In Figure 1b These compounds we tried to characterize and identify with the help of their MS 2 -and MS 3 -product ions generated by collision induced dissociation (CID) using the natural 1 H-and, in addition, the stable isotopic labelled 2 D 4 precursor compound (cf. Figure 2b) and their respective ozonation products.
The peak with an R t of 8.65 min in the ESI-TIC (2 ) consisted of an ion at m/z 138. This was elucidated and identified as p-nitrophenol using the MS 2 -spectrum of this compound, generated by CID which then was compared with the MS 2 -spectrum of a p-nitrophenol standard. As recognizable in Figure 3 , both product ion spectra of ozonation product and p-nitrophenol standard showed the same fragmentation pattern. In the TIC both compounds in parallel were separated with the same retention time at R t ¼ 8.65 min.
Consequently the peak in the selected ion mass trace of the oxidation products was the above mentioned compound p-nitrophenol. This compound originated from the cleavage of the CZS bond, after the parent drug sulfamethoxazole in a first step was oxidized resulting in the nitro-sulfamethoxazole compound (cf. A in Table 1 and A in Figure 2 ). The conversion of the parent drug resulting in compound A (cf. isotopic molecules, the native and the deuterated compound.
As a result of CID of nitro-sulfamethoxazole besides other ions the MS 2 product ions at m/z 138 and m/z 142 ( 2 D 4 compound) were generated (cf. Figure 4a All fragments in the MS 2 and MS 3 spectra of natural as well as stable isotopic labelled oxidation compounds fit well the proposed structures.
Regarding the rest of the oxidation products in Table 1 , the signal at m/z 298 corresponds to the addition of a hydroxyl group (ZOH) to the aniline ring of the first step 
